Introduction
Cyanide binds tightly to the ferric haem iron and inhibits the binding of intrinsic ligands to the haem iron of a given haem protein: e.g. of molecular oxygen to the haem iron in haem proteins such as cytochrome c oxidase. It is known from the crystal structures and spectroscopic and theoretical studies of several haem proteins that the coordination of cyanide to the ferric haem iron at the distal site is stabilized by the linear binding geometry; the Fe-C-N angle is between 160 and 180 (Bolognesi et al., 1999; Nardini et al., 1995) , which is similar to the binding of CO to the ferrous haem iron, whereas O 2 or NO binds to the haem iron with a bent geometry (the Fe-O-O angle is less than 140 ). Of the 43 crystal structures of cyanide-bound haem proteins at resolutions higher than 2.0 Å that have been deposited in the Protein Data Bank, seven crystal structures showed unusual bending angles in the haem-cyanide binding mode (Bolognesi et al., 1999; Nardini et al., 1995; Blair-Johnson et al., 2001; Sjö gren & Hajdu, 2001; Fedorov et al., 2003; Evans et al., 1994; Neya et al., 1993; Sen et al., 2004) . The orientations of the diatomic ligands determined by X-ray crystallography, however, remain ambiguous owing to the limited resolutions and the anisotropic thermal vibration of haem and its ligands (Stec & Phillips, 2001) .
Here, we report a new cyanide-binding mode in rat haem oxygenase (HO) that differs from that observed previously in HO bound to haem and CN À (CN À -haem-HO) prepared at alkaline pH (Sugishima et al., 2003) . HO is an enzyme that catalyzes the cleavage of haem by using O 2 and reducing equivalents to produce biliverdin IX, iron and CO (Tenhunen et al., 1968) . The effect of diatomic ligand (X-Y) binding on the conformation of the haem pocket in HO in complex with haem (haem-HO) differs depending on the bending angle of the ligand (Sugishima et al., 2003) ; when the Fe-X-Y angle is close to linear, the haem is shifted together with the proximal ligand towards the inside of HO and the distal helix is shifted in the opposite direction, which is accompanied by movement of a nearby helix and breakdown of one of the salt bridges stabilizing the haem binding to HO, whereas large structural changes did not occur when the Fe-X-Y bond is severely bent. It is likely that such a conformational change occurs to avoid steric hindrance between the distal ligand and the distal helix. Thus, the linear or bent binding of the diatomic ligand to the haem iron can be validated for HO based on the conformation of haem pocket, even if the resolution of the X-ray analysis is approximately 2.0 Å .
Experimental
CN À -haem-HO was prepared and crystallized as described elsewhere (Sugishima et al., 2003) . CN À -haem-HO crystals were prepared at several pH values by soaking cocrystallized CN À -haem-HO for a few minutes in each of the following solutions: 5 mM KCN, crystallization solution (4 M sodium formate and 50 mM potassium phosphate pH 6.8) containing 5 mM potassium cyanide; 10 mM KCN, crystallization solution containing 10 mM potassium cyanide; 20 mM KCN, crystallization solution containing 20 mM potassium cyanide; 40 mM KCN, crystallization solution containing 40 mM potassium cyanide; 50 mM KCN, crystallization solution containing 50 mM potassium cyanide; 5 mM KCN pH 9.7, crystallization solution containing 5 mM potassium cyanide in which potassium phosphate was replaced with sodium borate pH 9.7. Each crystal was isomorphous to the previously reported crystal of CN À -haem-HO (50 mM KCN pH 9.7). Diffraction data for the CN À -haem-HO crystals obtained at several pH values were collected using synchrotron radiation ( = 0.750 Å ) at 100 K at the BL41XU beamline in SPring-8 with a MAR CCD detector. Diffraction data were processed, merged and scaled using the HKL-2000 program suite (Otwinowski & Minor, 1997) . The refinement of CN À -haem-HO pH 6.8 was performed with CNS (Brü nger et al., 1998) in a similar manner as for the previously reported CN À -haem-HO pH 9.7 (Sugishima et al., 2003) . Diffraction statistics and refinement statistics are given in Table 1 .
Diffraction data for the CN À -haem-HO crystals in the dark and under illumination provided by a red laser were collected using synchrotron radiation ( = 1.000 Å ) and an open-flow helium cryostat (Nakasako et al., 2002) at $35 K at the BL44B2 beamline in SPring-8. Data collection was carried out as for the CO-bound haem-HO complex (CO-haem-HO; Sugishima et al., 2004) . For data collection under illumination, the crystal was continuously illuminated for 10 min before and during data collection using a He-Ne laser (15 mW, 632.8 nm; Melles Griot, Irvine, CA, USA). To increase the signal-to-noise ratio of the difference Fourier map, the data sets for CN À -haem-HO in the dark and under illumination were collected from the same crystal under the same conditions. Before calculating the difference Fourier maps, the models of CN À -haem-HO pH 6.8 and pH 9.7 were independently refined using the diffraction data collected in these experiments individually.
Results and discussion
The crystal structure of haem-HO bound to cyanide (CN À -haem-HO) was newly determined at neutral pH. Notably, the Fe-C-N angle was bent by 47 ( Fig. 1) . This binding mode differed from that in the previously determined structure of CN À -haem-HO at alkaline pH (Sugishima et al., 2003) , in which the Fe-C-N angle was almost linear. We previously reported that upon cyanide binding at alkaline pH, the haem together with the proximal ligand shifted in one direction and the distal helix shifted in the opposite direction, which was accompanied by movement of the G-helix, Lys179 and Arg183 of which are involved in salt bridges to a haem propionate. These movements caused conformational changes of this propionate and the Lys179 side chain and the breakdown of one of the salt bridges (between Lys179 and the propionate). However, none of these conformational changes occurred upon cyanide binding at neutral pH as shown by the present study (Fig. 2) ; the unusual bending in the Fe-C-N angle did not produce steric hindrance between the distal helix and the cyanide bound to the haem iron. The structure around the haem-binding site in CN À -haem-HO at neutral pH is very similar to that in ferric haem-HO at alkaline pH (Sugishima et al., 2000) , indicating that the structural changes described above are not a consequence of the pH difference.
A linear Fe-cyanide binding geometry was observed in the ternary complex prepared at a KCN concentration of 20-50 mM at pH 7.8-9.7, whereas the bent mode was observed with a KCN concentration of 5-10 mM at pH 6.8-7.1 (data not shown). A linear binding geometry was also observed when the pH was changed to alkaline at 5 mM KCN. Thus, it is likely that the cyanide-binding mode of haem-HO in the crystalline state depends on the pH.
Interestingly, X-ray diffraction analysis for the CN À -haem-HO crystals in the dark and under illumination indicated that cyanide binding in the bent mode was light-sensitive. Difference Fourier maps clearly showed that the cyanide at the distal side of the haem at neutral pH was dissociated from the haem iron by laser irradiation, but did not dissociate at alkaline pH under the same experimental conditions (Fig. 3) . The location of the cyanide dissociated from the haem iron at neutral pH was not identified, although CO was trapped in the hydrophobic cavity of the distal haem pocket when the crystal of the CO-haem-HO complex was irradiated under similar conditions (Sugishima et al., 2004) . The reason why CN À was not trapped in the hydrophobic cavity may be that CN À has anionic character, unlike CO. The observation of differing light-sensitivities of the Fe-CN À bonds depending on the binding geometry supports the protein structure communications Photodissociation of cyanide. A difference Fourier map calculated between data sets obtained in the dark and under continuous illumination from a red laser is superimposed on the ball-and-stick model around the haem group. Blue and red indicate newly appeared and the diminished densities, respectively (contoured at AE3). (a) 5 mM KCN pH 6.8. (b) 50 mM KCN pH 9.7.
Figure 2
Superimposition of haem-HO (green; Sugishima et al., 2003) , CN À -haem-HO (yellow, pH 6.8) and CN À -haem-HO (blue, pH 9.7). Except for the proximal histidine, only the C traces are shown for clarity. The crystal structures of CN Àhaem-HO at pH 6.8 and pH 9.7 were superimposed on the structure of haem-HO so as to minimize the r.m.s. deviations of C atoms. Following the distal helix is the G-helix, which contains the basic residues (Lys179 and Arg183) involved in the salt bridges to haem propionates. existence of the alternative cyanide-binding modes in the haem-HO crystal.
In the present analysis, we have identified alternative binding modes of cyanide in crystals depending on pH (bent at pH 6.8-7.1, linear at pH 7.8-9.7). The bent binding mode of cyanide observed in the present study may represent a state preceding the previously reported conformational change in the haem pocket that results from cyanide binding with a linear binding mode (Sugishima et al., 2003) . It is uncertain at present why the cyanide-binding mode in the crystalline state changes depending on pH, but it may be related to the rigidity of the distal helix and the stabilities of the salt bridges between the haem propionates and basic HO residues. The binding mode of cyanide to ferric haem-HO should be determined by the energetic balance between the cost of the conformation change of haem-HO seen in the linear binding mode and that of the unusual bent binding of cyanide to the haem iron; at neutral pH, the cost of the conformation change would be increased.
